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Inflammatory bowel disease (IBD), consisting of Crohn’s
disease and ulcerative colitis, is a source of substantial morbid-
ity and remains difficult to treat. New strategies for beneficial
anti-inflammatory therapies would be highly desirable. Apoli-
poprotein (apo) E has immunomodulatory effects and
synthetically derived apoE-mimetic peptides are beneficial
in models of sepsis and neuroinflammation. We have re-
ported that the antennapedia-linked apoE-mimetic peptide
COG112 inhibits the inflammatory response to the colitis-
inducing pathogen Citrobacter rodentium in vitro by inhib-
iting NF-�B activation. We now determined the effect of
COG112 in mouse models of colitis. Using C. rodentium as
an infection model, and dextran sulfate sodium (DSS) as an
injury model, mice were treated with COG112 by intraperi-
toneal injection. With C. rodentium, COG112 improved the
clinical parameters of survival, body weight, colon weight,
and histologic injury. With DSS, COG112 ameliorated the
loss of body weight, reduction in colon length, and histo-
logic injury, whether administered concurrently with induc-
tion of colitis, during induction plus recovery, or only dur-
ing the recovery phase of disease. In both colitis models,
COG112 inhibited colon tissue inducible nitric-oxide syn-
thase (iNOS), KC, TNF-�, IFN-�, and IL-17 mRNA expres-
sion, and reduced nuclear translocation of NF-�B, as deter-
mined by immunoblot and immunofluorescence confocal
microscopy. I�B kinase (IKK) activity was also reduced, which
is necessary for activation of the canonical NF-�B pathway.
Isolated colonic epithelial cells exhibited marked attenuation
of expression of iNOS and the CXC chemokines KC and
MIP-2. These studies indicate that apoE-mimetic peptides
such as COG112 are novel potential therapies for IBD.

Inflammatory bowel disease (IBD)2 arises from the inter-
play between luminal bacteria and the colonic mucosa, and
comprises two major forms: ulcerative colitis and Crohn’s
disease (1, 2). Approximately 1.4 million Americans are af-
fected (1, 2). Although the precise mechanisms of the inflam-
mation and immune responses are still being actively investi-
gated, various inflammatory mediators, including chemotactic
peptides and pro-inflammatory cytokines have been impli-
cated in the disease process (3). In particular, increased secre-
tion of proinflammatory cytokines is thought to be important
for exacerbation of IBD, and a number of therapeutic ap-
proaches targeting these factors are available. Administration
of anti-TNF-� antibody in mice (4, 5) and in humans (Inflix-
imab) has demonstrated efficacy (6–8), but these treatments
are often complicated by multiple side effects and are expen-
sive. In addition, these anti-TNF-� therapies are only effective
in about half of patients (9), indicating the need to reduce
more than just TNF-� as a target. Therefore, new treatment
approaches are still necessary.
Apolipoprotein (apo) E has an important role in cholesterol

and lipid metabolism, and has also been shown to alter both
innate and adaptive immune responses (10). Notably, mice
lacking apoE exhibit increased inflammatory responses and
higher mortality following lipopolysaccharide challenge (11),
suggesting that apoE has anti-inflammatory effects. The apoE-
mimetic peptide COG133 was created from amino acid resi-
dues 133–149 located in the receptor binding region of the
apoE holoprotein (12). COG133 was shown to inhibit LPS-
stimulated TNF-� and NO production in microglial cells in
vitro (12), and it suppresses brain and systemic inflammatory
responses in LPS-injected mice (13). To enhance transmem-
brane permeability, COG133 was fused to a protein transduc-
tion domain derived from the Drosophila antennapedia pro-
tein to create COG112 (14). This molecular fusion has been
shown to enhance the bioactivity of COG133, such that there
was substantial clinical improvement and protection from
inflammation and demyelination injury in the spinal cord of a
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murine experimental autoimmune encephalomyelitis (EAE)
model of multiple sclerosis (14). We have reported that
COG112 inhibits the inflammatory response in colonic epi-
thelial cells in vitro to Citrobacter rodentium (15), a bacterium
known to cause colitis in mice (16). This was demonstrated to
occur by inhibition of nuclear factor �B (NF-�B) activation
and resulted in reduced expression of inducible nitric-oxide
synthase (iNOS), and the CXC chemokines MIP-2 and KC
(15).
NF-�B has been shown to be critically important in chronic

inflammatory diseases including IBD (17). Activation of
NF-�B leads to the gene expression of inflammatory cytokines
and other mediators involved in the pathogenesis of IBD. In
many cell types, the most abundant form of NF-�B is the p50/
p65 heterodimer, which remains in an inactive state in the
cytoplasm (18), forming a ternary complex with the inhibitory
protein I�B-� (18). Upon stimulation, I�B-� is rapidly phos-
phorylated by I�B kinase (IKK), ubiquitinated, and subse-
quently degraded by proteasomes, allowing translocation of
p50/p65 to the nucleus (19). NF-�B-induced cytokine produc-
tion contributes to the stimulation, activation, and differentia-
tion of immune cells, thus perpetuating inflammation (20,
21). Inhibition of NF-�B activation has been suggested as an
anti-inflammatory strategy in IBD (17). Many established
drugs are known to mediate anti-inflammatory effects, at least
in part, via inhibition of NF-�B activity. We therefore hypoth-
esized that COG112 treatment could have beneficial effects in
models of colitis.
C. rodentium is the rodent equivalent of enteropathogenic

Escherichia coli (EPEC), which causes diarrhea in humans.
C. rodentium colonizes the surface of colonic epithelial cells,
resulting in signal transduction events, cytoskeletal rearrange-
ments, formation of attaching and effacing lesions, epithelial
hyperplasia, and a strong mucosal Th1 response (22), as well
as a Th17 response (23). Murine infection with C. rodentium
provides an ideal colitis model with reproducible histological
changes similar to human IBD. The main gross pathology as-
sociated with C. rodentium infection is diarrhea and thicken-
ing of the colon (22). In some cases the inflammation is trans-
mural (16), mimicking Crohn’s disease.
Dextran sulfate sodium (DSS) is a heparin-like polysaccha-

ride that has been successfully used to induce both acute and
chronic colitis in mice (24). DSS-induced colitis exhibits
several characteristics resembling human ulcerative colitis,
including weight loss, severe diarrhea, rectal bleeding, ulcer-
ation, and loss of epithelium, and leukocyte infiltration (24–
26). Although the exact mechanism by which DSS causes coli-
tis is not fully understood, it has been linked to direct
cytotoxicity and interference with the normal interaction be-
tween intestinal lymphocytes and epithelial cells (24–26).
We now report that in both the C. rodentium and DSS

models of colitis, COG112 improves clinical parameters, his-
tological injury, and pro-inflammatory cytokine and chemo-
kine responses. Furthermore, we show that COG112 inhibits
NF-�B activation, as indicated by decreased stimulated p65
translocation and IKK activity.

EXPERIMENTAL PROCEDURES

Animals—6-week-old male C57BL/6J mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). Animals were
maintained on a 12 h light/12 h dark cycle under biosafety
level 3 conditions. The mice had ad libitum access to a stan-
dard diet and water until reaching the desired age of 7 weeks.
All procedures using animals were reviewed and approved by
the IACUC of Vanderbilt University Medical Center.
ApoE-Mimetic Peptide—The apoE-mimetic peptide

COG112 was created by fusing the antennapedia protein
transduction domain (RQIKIWFQNRRMKWKKC) to
COG133 (LRVRLASHLRKLRKRLL) (14). The resulting
sequence of COG112 (acetyl-RQIKIWFQNRRMK-
WKKCLRVRLASHLRKLRKRLL-amide) was synthesized
using standard Fmoc chemistries and purified by NeoMPS,
Inc. (San Diego, CA). In all experiments, COG112 was ad-
ministered by intraperitoneal injection.
Induction of C. rodentium Colitis—Mice were orally inocu-

lated with wild-type C. rodentium as described previously (16,
22, 27). Briefly, bacteria were grown overnight in Luria broth
and mice were infected by oral gavage with 0.1 ml of broth
containing 1 � 108 CFU of C. rodentium. Control mice re-
ceived sterile broth. At the selected end point, the animals
were sacrificed and the colons were removed, cleaned, and
Swiss-rolled for histology. In addition, two proximal and two
distal 2 mm2 samples were reserved, such that one from each
region was combined, snap-frozen, and used for RNA and
protein analysis.
Induction of DSS Colitis—DSS (MW 36,000–50,000, MP

Biomedical, Solon, OH) was added to the drinking water of
mice (28), for varying durations as indicated under “Results.”
The animals were allowed free access to the DSS-containing
water during the experiment. Mice were then sacrificed and
the colons were removed, cleaned, and Swiss-rolled for histol-
ogy with proximal and distal samples used for RNA and pro-
tein analysis as above.
Survival and Body Weight Measurement—To assess the

effects of C. rodentium infection or DSS treatment on the
mice, survival and changes in body weight of the animals were
monitored daily over the course of colitis development. Mice
were monitored throughout the experiment and any that
showed extreme distress, became moribund, or lost more
than 20% of initial body weight were euthanized.
Assessment of Histological Score—Formalin-fixed and paraf-

fin-embedded sections of Swiss-rolled colons were stained
with hematoxylin and eosin and examined in a blinded man-
ner by pathologists (M. B. P. for C. rodentium and M. K. W.
for DSS colitis). For C. rodentium-induced colitis acute (neu-
trophilic) and chronic (lymphocytic) inflammation, extent of
inflammation, and epithelial damage were each scored on 0–3
scale (16). The aggregate histologic injury score was the sum
of acute and chronic inflammation multiplied by the extent of
inflammation, plus the epithelial injury (0–21). For DSS-in-
duced colitis, tissues were scored on a 0–40 scale based on
the parameters of inflammation severity (0–3), extent (0–3),
and crypt damage (0–4) each multiplied by the percent in-
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volvement (1 � 0–25%; 2 � 25–50%; 3 � 50–75%; and 4 �
75–100%) as described previously (29, 30).
Isolation of Colonic Epithelial Cells—Colonic epithelial cells

were isolated by a dissociation and dispersion method as de-
scribed previously (31). Briefly, colons were removed, cut
open longitudinally, cleaned, and cut in 2–5 mm pieces and
then incubated in DTT and EDTA. Epithelial cells were de-
tached by vigorous shaking and filtered with 70-�m nylon
mesh. Epithelial cell were enriched using magnetic beads and
E-cadherin antibody.
mRNA Analysis—RNA was extracted from tissue samples

using the RNeasy Mini kit from Qiagen (Valencia, CA). 1 �g
of RNA was reverse-transcribed using an iScript cDNA syn-
thesis kit (Bio-Rad). Each PCR reaction was performed with 2
�l of cDNA and 2� iQTM SYBR Green Supermix (Bio-Rad).
Primers for iNOS, KC, IFN-�, TNF-�, and �-actin were used
as described (15, 16). For IL-17, the primer sequences were:
sense, 5�-GCTCCAGAAGGCCCTCAGA-3� and antisense,
5�-CTTTCCCTCCGCATTGACA-3�. The thermal cycling
conditions and the method used to calculate relative expres-
sion have been described previously (32–34).
Western Blot Analysis—For p65, nuclear and cytosolic ex-

tracts were prepared using an extraction kit from Pierce/
Thermo Scientific. Rabbit polyclonal antibody to a synthetic
peptide corresponding to amino acids near the C-terminal
domain of human p65 (Rel A) from EMD Biosciences (Gibbs-
town, NJ) was used at a dilution of 1:1000 (15). Rabbit poly-
clonal fibrillarin antibody from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA) was used at a dilution of 1:1000. All proteins
were detected by chemiluminescence, as described previously
(15, 34).
Immunofluorescence Staining—Sections from the paraffin-

embedded Swiss-rolls were deparaffinized, treated with cit-
rate buffer for antigen retrieval, and blocked in 5% goat serum
for 1 h at room temperature. Slides were incubated at 4 °C for
16 h with primary antibody to p65, described above, at 1:1000
dilution, followed by incubation with Alexa Fluor 488-labeled
goat anti-rabbit secondary antibody (BD Biosciences, San
Jose, CA) for 2 h at room temperature. Sections were counter-
stained with 4�,6-diamidino-2-phenylindole (DAPI) for nu-
clear staining. Slides were dried and mounted, using Vectash-
ield mounting medium (Vector Laboratories, Inc. Burlingame,
CA). Slides were visualized using an OLYMPUS FLUOVIEW
FV1000 confocal microscope (32, 35).
I�B Kinase (IKK) Activity Assay—The K-LISA IKK-�

screening kit (Calbiochem/EMD Biosciences) was used to
measure IKK kinase activity in cytosolic extracts as described
(15). Lysates were incubated in glutathione-coated wells with
a glutathione S-transferase (GST)-tagged I�B-� fusion
polypeptide substrate. GST-I�B-� substrate phosphorylated
by IKK was detected using horseradish peroxidase-conjugated
anti-phospho-I�B-� antibody. Kinase activity was determined
from the optical density using a standard curve generated us-
ing recombinant IKK-� according to the manufacturer’s
instructions.
Statistical Analysis—Quantitative data are shown as the

mean � S.E. Comparisons between multiple groups were
made by using analysis of variance with the Student-New-

man-Keuls posthoc multiple comparisons test. When com-
parisons between only 2 groups were made, Student’s t test
was performed. The log-rank (Mantel-Cox) test was used for
the survival analysis in the C. rodentiummodel.

RESULTS

COG112 Reduces C. rodentium-induced Colitis in C57BL/6J
Mice—In our previous study, we observed that COG112 in-
hibited the inflammatory response in C. rodentium-stimu-
lated colonic epithelial cells (15). Therefore to elucidate the
anti-inflammatory role of COG112 in vivo we began with the
murine model of C. rodentium-induced colitis. The selected
COG112 dosing schedule, 1 mg/kg daily intraperitoneal was
chosen because this dose of COG112 was shown to have ben-
eficial effects in a murine model of experimental autoimmune
encephalomyelitis (14). COG112 had a marked effect on the
survival of C. rodentium-infected mice (Fig. 1A). When mice
were infected with C. rodentium, mortality was first observed
at day 4 post-inoculation and peaked at day 9, with a 24% inci-
dence. COG112 treatment significantly improved survival,
such that only a single death was observed at day 9 (4% mor-
tality; p � 0.021; Fig. 1A).
Decreasing body weight is an indicator of colitis, and we

found that C. rodentium infection induced a rapid body
weight loss of 9.9 � 1.2% (90.1 � 1.2% of initial body weight)
that peaked at day 2, and continued through day 12 (Fig. 1B).
This weight loss was significantly attenuated by COG112 ad-
ministration (39.2 � 10.2% improvement at day 2; Fig. 1B).
COG112 also reduced C. rodentium-induced thickening of
the colon, measured as changes in colon weight (Fig. 1C). At
the time of sacrifice there was a 2.6 � 0.1-fold (Fig. 1C) in-
crease in colon weight compared with uninfected mice that
was reduced by 23.2 � 5.5% with COG112 (p � 0.01). C. ro-
dentium infection caused significant colon inflammation and
increased histologic injury (Fig. 2, A and B; p � 0.001).
COG112 treatment of these mice led to a significant improve-
ment in histological injury score (p � 0.05; Fig. 2A). It must
be noted that the histologic improvement with COG112 was
likely underestimated because early mortality precluded ob-
taining histologic samples in the 7 of 30 mice that died pre-
maturely with C. rodentium alone (versus only 1 of 30 in the
COG112-treated group) and these mice would be expected to
have had very high injury scores. Hematoxylin and eosin-
stained sections revealed negligible inflammation in control
mice while C. rodentium-infected mice exhibited characteris-
tic infiltration of inflammatory cells (neutrophils and lympho-
cytes) into the mucosa and submucosa. Treatment of infected
mice with COG112 reduced mucosal and submucosal im-
mune cells, and enhanced restitution of epithelial gland archi-
tecture, with reversal of mucin depletion (Fig. 2B).
COG112 Reduces DSS-induced Colitis in C57BL/6JMice—

To determine whether the beneficial effects of COG112 in
colitis may be generalized, we utilized a second model of coli-
tis in which mice were administered DSS in their drinking
water. Mice began losing body weight after 5 days of treat-
ment with DSS and the loss reached 4.7 � 0.8% (95.3 � 0.8%
of starting body weight) by day 6 and 8.9 � 0.8% (91.1 � 0.8%
of starting body weight) by day 7 (Fig. 3A). In contrast, the
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body weight loss of mice receiving daily injections of COG112
(1 mg/kg) beginning on day 0 was only 1.3 � 0.5% (98.7 �
0.5% of starting body weight) and 4.4 � 0.7% (95.6 � 0.7% of

starting body weight) at day 6 and 7 respectively, a significant
improvement. In the DSS model of colitis, colon length is a
macroscopic indicator of disease severity. Colon length in
DSS-treated mice was significantly reduced compared with
controls (p � 0.001, Fig. 3B) while COG112 treatment of co-
litic mice led to a significant improvement in colon length
(p � 0.01). We also tested a higher dose of COG112 (10 mg/
kg) and monitored changes in body weight. As above, we ob-
served an improvement in body weight at day 6 and 7 of DSS
treatment (p � 0.05), but the effect was no greater than seen
with the 1 mg/kg dose of COG112 (supplemental Fig. S1).
Also, when we tested the effect of COG112 (1 mg/kg) in mice
treated with a lower dose of DSS (3%) there was a similar de-
gree of improvement in body weight (supplemental Fig. S2) as
observed with the 4% DSS model.
To assess the effect of COG112 on the recovery phase of

DSS colitis, mice were given 4% DSS for 7 days, and were then
switched to water for an additional 9 days (Fig. 4). In these

FIGURE 1. COG112 improves clinical parameters in C. rodentium-in-
duced colitis in mice. 7-week-old C57BL/6J mice were orally inoculated
with 1 � 108 CFU of C. rodentium or broth at day 0. COG112 (1 mg/kg) or
PBS was injected intraperitoneal each day. A, animal mortality is presented
as % survival, p � 0.0215. B, body weights of the mice were measured daily
and are presented as a percentage of their initial weight. *, p � 0.05; **, p �
0.01; ***, p � 0.001 versus C. rodentium-infected mice. C, upon sacrifice on
day 12, colons were removed, cleaned, and weighed. Colon weights are
presented as % of mouse body weight on the day of sacrifice. ***, p � 0.001
versus control; §§, p � 0.01 versus C. rodentium-infected. In A–C, n � 11 for
control, n � 9 for control � COG112, n � 30 for C. rodentium infected and
for C. rodentium � COG112.

FIGURE 2. COG112 improves histologic injury in C. rodentium-induced
colitis. Colons were Swiss-rolled and stained with hematoxylin and eosin
and then scored for histologic injury. A, histologic injury scores, as de-
scribed under “Experimental Procedures.” ***, p � 0.001 versus controls; §,
p � 0.05 versus C. rodentium-infected; n � 11 for control and n � 9 for con-
trol � COG112, n � 23 for C. rodentium-infected, and n � 29 for C. roden-
tium � COG112. B, representative photomicrographs of paraffin-embed-
ded, hematoxylin and eosin-stained sections of colon.
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studies, COG112 was injected daily throughout the experi-
ment. Maximal weight loss was observed at day 11. Both DSS-
and DSS � COG112-treated mice began regaining weight at
day 12, but the recovery was greater in COG112-treated mice.
We observed that DSS � COG112-treated mice actually
reached their initial body weight at day 15, and were 103.7 �
2.3% of initial body weight at day 16, while the DSS-treated
mice never reached their initial body weight (Fig. 4A). We
again found that there was a blunting of the DSS-induced ef-
fects on colon length with COG112 treatment (Fig. 4B).
Histological scoring of inflammation revealed that COG112

significantly improved the injury score of DSS-treated mice in
both acute (Fig. 3C) and recovery (Fig. 4C) experiments. DSS
colitis is characterized by infiltration of immune cells in the
mucosa and submucosa, epithelial ulceration, and crypt dam-
age. Hematoxylin and eosin-stained sections of the distal co-
lon of control mice showed no inflammation (data not shown)
while colons of DSS-treated mice exhibited severe inflamma-
tory infiltrates (neutrophils and lymphocytes), crypt loss, and
ulceration, at both the acute time point (Fig. 3D) and after the
recovery period (Fig. 4D). In contrast, DSS-treated mice re-
ceiving COG112 displayed reduced inflammatory infiltrates
and less crypt loss and ulceration (Figs. 3D and 4D).
Having observed that COG112 improved clinical parame-

ters and histology in both the acute and the recovery phase

while given throughout the experiments, we sought to deter-
mine the effect of COG112 if given after onset of the disease
as a treatment. Mice were administered DSS for 5 days, at
which time they were switched to water for an additional 7
days (12 day model). In these experiments COG112 was in-
jected only during the recovery phase from day 6 to day 12.
Maximal weight loss was observed at day 8 when DSS-treated
mice reached 82.8 � 1.6% of initial weight, and recovery was
enhanced in the mice treated with COG112 (Fig. 5A). At the
time of sacrifice the DSS-treated group had a body weight
of 91.2 � 1.4% of initial weight, whereas the DSS �
COG112 group had a body weight of 98.3 � 2.5% (p �
0.05). Colon length was also improved in these treatment
experiments (p � 0.05, Fig. 5B). In parallel, with COG112
there was an improvement in histologic injury scores (Fig.
5C) with enhanced restitution of the epithelium readily
apparent (Fig. 5D).
COG112 Inhibits iNOS and Cytokine mRNA Expression in

C. rodentium- and DSS-induced Colitis—iNOS has been
shown to play a role in the pathophysiology of experimental
colitis (16, 25). Previously, we reported that iNOS is up-regu-
lated in colonic tissues infected with C. rodentium and that
iNOS�/� mice exhibited less severe colitis in this model (16).
In our current experiments, iNOS mRNA was increased
572.3 � 100.5-fold in C. rodentium-infected colon tissues

FIGURE 3. COG112 improves clinical parameters and histologic injury in DSS-induced acute colitis in mice. Mice were given 4% DSS in the drinking
water for 7 days. COG112 (1 mg/kg) or PBS was injected daily. A, percent body weight of mice with or without DSS and 1 mg/kg COG112 for 7 days. Body
weights were measured every day and are presented as percent of initial weight. *, p � 0.05; ***, p � 0.001 versus DSS-treated only. B, lengths of freshly
removed colons were measured from rectum to ileocecal junction on day 7. ***, p � 0.001 versus control, §§, p � 0.01 versus DSS-treated alone. In A-B, n �
11 for control, n � 9 for control � COG112, n � 30 for DSS-treated, and n � 30 for DSS � COG112. C, histolologic injury score of mice given DSS � COG112
for 7 days. Colons were Swiss-rolled and stained with hematoxylin and eosin and then scored for histologic injury, as described under “Experimental Proce-
dures.” **, p � 0.01 versus DSS alone. D, representative photomicrographs of paraffin-embedded, hematoxylin and eosin-stained sections of colon.
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compared with controls (p � 0.001; Fig. 6A). When C. roden-
tium-infected mice were treated with COG112, iNOS mRNA
levels were down-regulated by 33.6 � 9.1% (p � 0.05). We
also measured mRNA levels of KC (CXCL1), because this
CXC-chemokine has been reported to be up-regulated in
C. rodentium-induced colitis (27, 36). KC was induced by
68.1 � 10.1-fold (Fig. 6B) in C. rodentium-infected colon tis-
sues. Treatment with COG112 led to a significant down-regu-
lation of this gene by 39.6 � 9.5% (p � 0.05). TNF-�, a
marker of inflammation, was induced 12.6 � 3.4-fold by C. ro-
dentium infection (p � 0.05) and was reduced by 70.8 � 4.3%
(p � 0.01) with COG112 treatment (Fig. 6C). When we inves-
tigated the modulation of the Th1 cytokine IFN-� and the
Th17 cytokine IL-17 by C. rodentium infection and COG112
treatment, we found that both followed similar patterns to the
other genes investigated (Fig. 6, D and E). IFN-� was in-
creased 566.2 � 194.5-fold, (p � 0.001) and down-regulated
by 66.9 � 8.6% (p � 0.01) with COG112, and IL-17 was in-
creased 61.8 � 14.3-fold, (p � 0.01) and reduced by 45.5 �
15.6% (p � 0.05) with COG112 treatment. Similar results
were observed in colon tissues from DSS-treated mice. DSS
treatment increased iNOS mRNA levels by 100 � 34.1-fold
(p � 0.001), which were reduced by 76.9 � 10.5% with
COG112 (p � 0.001; Fig. 6F). DSS treatment also stimulated
increased expression of KC (37.7 � 15.4-fold, p � 0.001, Fig.

6G), TNF-� (7.8 � 1.1- fold, p � 0.01, Fig. 6H), IFN-� (40.3 �
6.0-fold, p � 0.01, Fig. 6I), and IL-17 (15.6 � 3.1-fold, p �
0.01, Fig. 6J), and these inflammatory genes were down-regu-
lated by 79.9 � 4.1%, 60.1 � 7.8%, 74.7 � 7.9% and 52.3 �
2.1%, respectively, with COG112 treatment (Fig. 6, G–J).
COG112 Inhibits iNOS and Chemokine mRNA Expression

in Colonic Epithelial Cells from DSS-treated Mice—After 7
days of DSS � COG112 treatment, colonic epithelial cells
were isolated by the dissociation and dispersion method and
selected using E-cadherin antibody (supplemental Fig. S3). By
real-time PCR, there was a 60.5 � 5.9-fold increase in iNOS
mRNA expression in colon cells isolated from DSS-treated
mice, which was decreased by 69.4 � 3.9% in cells from
DSS � COG112-treated mice (p � 0.001, Fig. 7A). We also
analyzed expression of the chemokines MIP-2 (CXCL2) and
KC, and both were up-regulated in epithelial cells isolated
from DSS-treated mice and were markedly decreased by
95.7 � 3.1% and 92.6 � 5.3% by COG112 treatment, respec-
tively (p � 0.001, Fig. 7, B and C).
COG112 Reduces NF-�B Activation in Both C. rodentium-

and DSS-Induced Colitis—C. rodentium colitis is known to
involve activation of NF-�B in both macrophages and epithe-
lial cells (27, 37). NF-�B activation has also been shown to be
important in DSS colitis (38, 39). Using anti-p65 antibody, we
observed nuclear translocation of p65 in colon tissues from

FIGURE 4. COG112 improves DSS-induced colitis during the recovery phase. Mice were given DSS in the drinking water from day 0 to day 7 and then
switched to normal drinking water after day 7 for recovery. COG112 or PBS was injected every day starting from day 0. A, change in body weight during the
course of the experiment, n � 5 for control and control � COG112, n � 20 for DSS treatment, and n � 10 for DSS � COG112. *, p � 0.05; **, p � 0.01; ***,
p � 0.001 versus DSS-treated only. B, lengths of colons were measured on day 16. ***, p � 0.001; versus control and §, p � 0.05 versus DSS-treated only.
C, histological injury score on 0 – 40 scale. *, p � 0.05 versus DSS-treated only. D, representative photomicrographs of paraffin-embedded, hematoxylin and
eosin-stained sections of colon.
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both C. rodentium and DSS colitis, which appeared to occur
in both epithelial and immune cells (Fig. 8 and supplemental
Figs. S4 and S5). In mice treated with COG112, much less
nuclear p65 staining was observed (Fig. 8) in both colitis mod-
els, with less overall p65 staining (supplemental Figs. S4 and
S5). When nuclear protein was isolated from colonic tissues
and immunoblotted for p65, we noted increased p65 protein
in C. rodentium- and DSS-treated mice compared with con-
trols, that was reduced when mice were administered
COG112 (Fig. 9, A and B). Nuclear translocation of p65 re-
quires phosphorylation of the inhibitory protein I�B-� and its
dissociation from p65 in the cytoplasm. We therefore assessed
IKK activity in the cytoplasmic fractions of colonic tissue ex-
tracts. As shown in Fig. 9, C and D, C. rodentium- and DSS-
induced colitis tissues exhibited significantly more IKK activ-
ity compared with controls (p � 0.001), and this kinase
activity was reduced with COG112 treatment by 91.5 � 4.0%
(p � 0.001) in C. rodentium colitis and 85.9 � 12.3% (p �
0.01) in DSS-treated mice.

DISCUSSION

The objective of this study was to determine whether the
apoE-mimetic peptide COG112 could lessen disease in mod-
els of colitis and thus could have potential as a therapy in hu-
man IBD. We previously reported that COG112 inhibits the
inflammatory response to C. rodentium in colonic epithelial

cells in vitro by preventing NF-�B activation (15). To evaluate
the effect of COG112 in colitis in vivo, we used two well-es-
tablished mouse models. Here we report that COG112 has
anti-inflammatory properties and improves clinical disease
parameters in C. rodentium-infected and DSS-treated mice.
We have chosen the dose and route of administration of

COG112 on the basis of prior reports (14), in which the i.p
route and the 1 mg/kg dose was the most effective. Pharmaco-
kinetic studies have shown that significantly higher amounts
of COG112 accumulated in the blood when administered in-
traperitoneal versus i.v (11). COG112 can be detected in blood
as early as 10 min. after intraperitoneal administration (13,
40). It should be noted that we also performed pilot studies
with daily subcutaneous injection of COG112 (1 mg/kg) in
the 4% DSS model, and observed improvement in clinical pa-
rameters, but these effects were less marked than with intra-
peritoneal administration at the same dose (data not shown).
C. rodentium, like EPEC and enterohemorrhagic E. coli

(EHEC), attaches to the luminal surface of the intestinal epi-
thelium and provides an excellent in vivomodel for infectious
colitis, including how the host recognizes pathogens in the
intestinal lumen. Infection with C. rodentium is characterized
by a transient colonization of the large intestine, crypt hyper-
plasia, mucosal thickening, and diarrhea (41). C. rodentium
may cause focal erosions on the surface of the colon and in-

FIGURE 5. COG112 improves DSS-induced colitis when given after the onset of disease. Mice were given 4% DSS in their drinking water for 5 days.
COG112 or PBS was injected intraperitoneal daily only during the 7-day recovery phase. A, body weight data. *, p � 0.05; ***, p � 0.001 versus DSS-treated
only. n � 5 for control, n � 5 for control � COG112, n � 15 for DSS-treated and n � 10 for DSS � COG112. B, colon lengths. ***, p � 0.001 versus control, §,
p � 0.05 versus DSS-treated. C, histolologic injury score of mice given DSS for 5 days followed by 7 days � COG112 during the recovery phase. D, represen-
tative photomicrographs of hematoxylin and eosin-stained sections of colon.
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duces a Th1 response, with expression of IL-12, TNF-�, and
IFN-� (42), as well as a Th17 response (23, 43). COG112 sig-
nificantly ameliorated the clinical changes induced by C. ro-
dentium infection. We demonstrated improvement in survival
of C. rodentium-infected mice. It has been speculated that
C. rodentium-infected mice die due to overwhelming sepsis
(44). The enhanced survival with COG112 that we demon-
strated may have resulted from decreased transmural inflam-
mation and enhanced integrity of the epithelium that we ob-
served on histologic assessment, as well as the diminished
expression of proinflammatory cytokines and iNOS, both of
which contribute to the hemodynamic alterations of sepsis

FIGURE 6. Effect of COG112 on mRNA expression of iNOS, KC, and cyto-
kines in C. rodentium- and DSS-induced colitis tissues. RNA was isolated
from the tissues and mRNA levels were assessed by real-time PCR using
SYBR green with standardization to �-actin levels in tissues from the C. ro-
dentium (A–E) and DSS (F–J) models. **, p � 0.01; ***, p � 0.001 versus con-
trols; §, p � 0.05; §§, p � 0.01; §§§, p � 0.001 versus C. rodentium-infected or
DSS-treated; n � 3– 6 for controls and control � COG112, and n � 7–10 for
C. rodentium, DSS, C. rodentium � COG112, and DSS � COG112. In A–E, con-
trol mice (Ctrl) received gavage with LB broth, and in F–J, control mice re-
ceived normal drinking water.

FIGURE 7. Effect of COG112 on mRNA expression of iNOS and chemo-
kines in colonic epithelial cells isolated from DSS-treated colons. Mice
received 4% DSS or water alone (Ctrl) for 7 days. Mice were injected daily
with COG112 (1 mg/kg) or PBS vehicle. Colons were harvested, and epithe-
lial cells were isolated and positively selected with antibody to E-cadherin
using magnetic beads (supplemental Fig. S3). mRNA was extracted and
real-time PCR was performed for iNOS (A), MIP-2 (B), and KC (C) standard-
ized to �-actin using SYBR green. *, p � 0.05; **, p � 0.01 versus control; §§,
p � 0.01 versus DSS alone. n � 4 mice per group.
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(45, 46). We observed a modest decrease in colonic coloniza-
tion with C. rodentium in mice treated with COG112 (C. ro-
dentium alone, 4.3 � 107 � 2.9 � 107 CFU/g; C. rodentium �
COG112, 1.7 � 107 � 8.0 � 106 CFU/g, p � 0.46); although
this could account for some of the effect, this small difference
is unlikely to fully explain the enhanced survival.
To confirm the beneficial effects of COG112, we employed

a second model of colitis, which is primarily an injury model.
Chemical disruption of the epithelial barrier by DSS triggers
crypt damage, ulceration, and neutrophil infiltration (47).
This model system has been shown to have similarities
with human UC, including weight loss, erosion of the co-
lonic mucosa and shortening of the colon. Notably,
COG112 significantly reduced the clinical parameters of
body weight loss, shortening of the colon, and histologic
damage. Importantly, COG112 had consistently beneficial
effects, whether tested during the onset of acute colitis,
continued during the recovery period, or used only as a

treatment once colitis was established. The latter findings
indicate that COG112 could have benefit in treating hu-
man IBD during both acute flares of increasing activity, as
well as chronic persistent inflammation.
iNOS has been purported to be linked to both protection

and exacerbation of colitis (48), but clearly it is an excellent
marker of intestinal inflammation (16, 25). In the current
study, we identified large increases in iNOS expression in
both models of colitis and found that COG112 treatment of
the mice significantly reduced iNOS levels. These findings are
strongly consistent with our previous report that COG112
inhibited iNOS expression in colonic epithelial cells and
macrophages exposed to C. rodentium in vitro (15). Further-
more, we have reported that C. rodentium colitis is improved
in iNOS-deficient mice in vivo (16), suggesting that the reduc-
tion in iNOS with COG112 is likely contributing to its benefit
in this model. The role of iNOS in injury models of colitis is
variable; for example, worsening of trinitrobenzene sulfonic
acid (TNBS) colitis in mice with deletion of iNOS has been
reported (49), while iNOS deletion or use of a chemical inhib-
itor of iNOS (1400W) has been shown to improve DSS colitis
(25). As in the C. rodentiummodel, we also observed that
iNOS levels were reduced with COG112 treatment in the DSS
model. However, in both models, whether this reduction in
iNOS is a mechanism underlying disease improvement or is
only a marker of decreased inflammation could not be directly
determined.
Neutrophil accumulation plays an important role in DSS-

induced colitis, since the disease can be attenuated when anti-
neutrophil serum is administered (50). As part of the amelio-
ration of colon histologic injury in the DSS model, COG112
reduced neutrophil infiltration. Consistent with this, COG112
reduced the increased levels of the neutrophil-attracting che-
mokines KC and MIP-2 in colonic epithelial cells derived
from DSS-treated mice. Similarly, there was a reduction in KC
mRNA levels in colitis tissues from either DSS- or C. roden-
tium-treated mice. These results provide support for COG112
as an anti-inflammatory agent, because chemokine expression
is recognized as a key early step in the pathophysiology of in-
flammatory responses to colonic pathogens and has been di-
rectly linked to the pathophysiology of human IBD (29).
COG112 also reduced TNF-� mRNA expression in both

our models of colitis. This cytokine is an important mediator
of inflammation and it has been reported that treatment with
the TNF-� antagonist Etanercept reduces inflammatory le-
sions in DSS-induced chronic colitis in mice (51). In addition,
Infliximab (52–54), which is a chimeric murine-human
monoclonal antibody to TNF-�, is effectively used in humans
to treat Crohn’s disease and ulcerative colitis (6). The down-
regulation of TNF-� by COG112 contributes to the concept
that it may be a useful treatment for IBD. Because only about
half of all patients receiving anti-TNF-� antibody have a sus-
tained benefit, and it has been shown in mouse models, such
as DSS colitis, to have only a partial efficacy (4, 5), our find-
ings that COG112 also effectively reduced other proinflam-
matory mediators, namely chemokines, Th1 and Th17 cyto-
kines, and iNOS, suggests that it may be broadly beneficial in
IBD patients.

FIGURE 8. Nuclear translocation of NF-�B in C. rodentium- and DSS-in-
duced colitis is reduced by COG112. C. rodentium tissues were obtained
on day 12 post-inoculation. DSS tissues were obtained after 7 days of DSS
treatment. Formalin-fixed, paraffin-embedded sections (5 �m) of Swiss-
rolled tissues were stained for p65 detected with Alexa Fluor 488-conju-
gated secondary antibody (green, 1:1000) after antigen retrieval. Nuclei
were visualized with DAPI (blue, 1:10,000 dilution). Images were captured by
confocal microscopy and 600� merged images are shown. Scale bars, 20
�m in full size images and 10 �m in zoom insets.
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We also investigated the effect of COG112 on T cell-de-
rived cytokines. IFN-� produced by Th1 lymphocytes has
been shown to be involved in the pathophysiology of IBD (16).
In both of our colitis models, IFN-� mRNA expression was
markedly up-regulated. The recently described Th17 subset of
lymphocytes may play an important role in the immuno-
pathogenesis of IBD (1). IL-17 is a prototype cytokine product
of these cells, and its up-regulated expression in C. rodentium
infection has been specifically demonstrated (23). When we
measured mRNA levels of IL-17 in DSS- and C. rodentium-
induced colitis we observed a significant up-regulation of
gene expression. In both colitis models, COG112 inhibited
colonic expression of these potent T cell inflammatory cyto-
kines, suggests an additional potential mechanism for the
beneficial effects of COG112.
In our previous study, we reported that C. rodentium in-

duced NF-�B activation in vitro was inhibited by COG112
(15). In the current report, we have confirmed this observa-
tion using two in vivomodels of colitis. We verified the nu-
clear translocation of p65 by immunoblotting and immuno-
fluorescence in C. rodentium and DSS colitis tissues that was
blocked by COG112, and demonstrated that COG112 inhibits
upstream IKK activity necessary for NF-�B activation. These

data are consistent with our previous demonstration that
COG112 inhibits IKK activity by inhibiting formation of the
IKK complex in colonic epithelial cells (15). Further, our find-
ings that COG112 effectively inhibits IKK activity, and to the
same degree as it inhibits p65 translocation, suggests that
COG112 acts predominantly on the canonical NF-�B signal-
ing pathway (55). Activation of NF-�B is believed to be an
important step in the development of human IBD and inhibi-
tion of NF-�B activation is associated with reduced colonic
inflammation (17). Many of the drugs used to treat the disease
including corticosteroids, salicylates (56), and sulfasalazine
(57) inhibit NF-�B activation. It has also been reported that
decoy oligonucleotides mimicking the NF-�B consensus bind-
ing sequence attenuate both Th1- and Th2-mediated experi-
mental colitis (58). Resveratrol and piceatannol, naturally oc-
curring substances found in peanuts, grapes and red wines,
have also been shown to protect mice from DSS colitis by pre-
venting NF-�B activation (59, 60). The NEMO binding do-
main, which specifically inhibits NF-�B activation, was shown
to ameliorate both DSS and TNBS colitis in mice (61, 62).
Currently, the role of NF-�B in colitis is still unclear; in

some models NF-�B inhibition is beneficial, and in others it is
deleterious. Tissue-specific deletion of IKK-� in enterocytes

FIGURE 9. COG112 inhibits nuclear accumulation of NF-�B and IKK activity in C. rodentium- and DSS-induced colitis. A and B, representative Western
blots of p65 (65 kDa) and fibrillarin (36 kDa) as nuclear loading control; 20 �g of nuclear protein/lane was used. C and D, ELISA assay for IKK activity was per-
formed in the cytosolic fractions of tissues. ***, p � 0.001 versus control; §§, p � 0.01, §§§, p � 0.001 versus C. rodentium-infected or DSS-treated.
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and macrophages reduces the development of inflammation-
associated cancer (63). However, selective blockade of NF-�B
activation in mouse intestinal epithelial cells (NEMOIEC-KO)
by ablation of IKK-� results in severe chronic inflammation,
diarrhea, and rectal bleeding (64). In the DSS model, complete
deletion of p65 in colonic epithelial cells results in disease
exacerbation (65). Another concern is that inhibition of
NF-�B promotes development of squamous cell carcinomas
in keratinocytes (66), and increases the incidence of liver tu-
mors in a chemical carcinogenesis model (67). These previous
findings suggest that complete NF-�B inactivation may have
different roles depending on the tissues. Although the litera-
ture is complex, our data show that significant, but not com-
plete inhibition of NF-�B by COG112 was associated with
reduced Th1/Th17 activation, proinflammatory cytokine and
chemokine expression, and clinical and histologic improve-
ment in the two colitis models tested. From a different point
of view, it should be noted that COG112 can affect immune
cells in addition to epithelial cells (15), which could also ex-
plain its in vivo benefit.

In summary, the present study provides the first in vivo
evidence that an apoE-mimetic peptide, COG112, can im-
prove colitis and that it has specific anti-inflammatory prop-
erties. COG112 had beneficial effects on clinical parameters
in two distinct models of colitis, and was effective in both the
induction phase and in the treatment of established colitis.
Furthermore, this agent inhibited the expression of inflamma-
tory cytokines and chemokines, and markedly reduced NF-�B
activation in both the C. rodentium and DSS colitis models.
Because the drug was well tolerated out to the maximum time
point tested of 16 days, it is an excellent candidate for future
studies in chronic models of colitis and colitis-associated
carcinoma.
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